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Abstract
We study an economical model of weakly-interacting massive particle dark matter (DM) which has spin
3/2 and interacts with the 125-GeV Higgs boson via effective scalar and pseudoscalar operators. We apply
constraints on the model from the relic density data, LHC measurements of the Higgs boson, and direct
and indirect searches for DM, taking into account the effective nature of the DM-Higgs couplings. We
show that this DM is currently viable in most of the mass region from about 58 GeV to 2.3 TeV and
will be probed more stringently by ongoing and upcoming experiments. Nevertheless, the presence of the
DM-Higgs pseudoscalar coupling could make parts of the model parameter space elusive from future tests.
We find that important aspects of this scenario are quite similar to those of its more popular spin-1/2
counterpart.
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I. INTRODUCTION
Various astronomical and cosmological observations over the past several decades have led to
the wide acceptance that dark matter (DM) exists in our Universe, making up about 26% of its
energy budget [1, 2]. Despite the evidence, however, the identity of the basic constituents of the
bulk of DM has so far remained a mystery. Since it cannot be accommodated by the standard
model (SM) of particle physics, it is of much interest to look into different possibilities beyond the
SM which can offer good candidates for DM.
Here we consider an economical scenario of DM which is of the popular weakly-interacting
massive particle (WIMP) type and has spin 3/2. This kind of DM is still a viable alternative,
although it has gained less attention than WIMP candidates with spin 0, 1/2, or 1 in the literature
(e.g., Refs. [3–9]). Spin-3/2 WIMP DM could exist in a renormalizable new-physics model, such as
the one proposed in Ref. [10].1 More model-independently, other analyses on spin-3/2 WIMP DM
in recent years [12–16] have examined its potential interactions with the SM sector via effective
nonrenormalizable operators which involve other new states as well [12] or only the DM and SM
fields [13–16]. In the following, we adopt the latter line of investigation assuming the absence of
additional nonstandard particles and focus specifically on the effective couplings of the DM to the
standard Higgs doublet.
This study is partly motivated by the null findings of the recent LUX [17], PandaX-II [18],
and XENON1T [19] direct detection experiments,2 which translate into the most stringent upper-
bounds to date on the cross section of spin-independent elastic WIMP-nucleon scattering for WIMP
masses between 4 GeV and 100 TeV. These results imply major constraints on WIMP DM models,
especially the simplest Higgs-portal ones, which are also subject to restrictions from quests at
the LHC [22, 23] for decays of the 125-GeV Higgs boson into final states which would signal the
occurrence of new physics. In particular, as we demonstrated in Ref. [16], spin-3/2 DM that links
up with the Higgs solely via an effective scalar operator is ruled out by the combination of direct
search and LHC data, except if the DM has a mass within a very small region slightly below one half
of the Higgs mass. However, as also elaborated in Ref. [16], if the model is enlarged somewhat with
another Higgs doublet, one could regain a good number of the eliminated masses. In the present
paper, we explore instead a different possibility in which we keep the minimal particle content of
the SM plus the spin-3/2 DM and suppose that the DM-Higgs interactions arise not only from the
effective scalar operator, but also from an effective pseudoscalar operator. It turns out that this
modification can provide the model with the freedom to evade the preceding limitations over much
of the mass region of concern. Specifically, with the appropriate admixture of contributions from
the scalar and pseudoscalar couplings, the model can reproduce the observed DM relic abundance
and simultaneously yield DM-nucleon cross-sections which are low enough to allow for the recovery
of sizable parts of the excluded parameter space. We will also look at a complementary probe of
the model from indirect searches for DM.
1 A well-known example for spin-3/2 DM is the gravitino in supersymmetric theories (some possibilities of gravitino
DM have recently been entertained in, e.g., [11]), but it is not regarded as a WIMP because it is extremely weakly
interacting and hence very hard to detect [1, 2].
2 Overviews on DM direct searches are available in [20, 21].
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In Sec. II, we introduce the spin-3/2 WIMP DM, describe its couplings to the Higgs boson,
evaluate the model parameter values consistent with the relic density data, and deal with the
constraints on the DM from Higgs measurements and DM direct searches. Since we assume that
the interactions of the spin-3/2 DM with the Higgs are induced by effective nonrenormalizable
operators in the absence of other new particles, we also take into account the restriction due to
the limited extent of the reliability of the effective-theory approximation. Subsequently, we discuss
specific examples of the viable parameter space of the model. In Sec. III, we make some comparison
between this model and its spin-1/2 counterpart. In addition, we briefly address how DM indirect
detection experiments can offer extra tests of these scenarios. We give our conclusions in Sec. IV.
II. HIGGS-PORTAL SPIN-3/2 DARK MATTER
The WIMP DM of interest is described by a Rarita-Schwinger field [24], denoted hereafter by
a Dirac four-spinor Ψν with a vector index ν. For a free Ψν with mass parameter µΨ, the Lagrangian
can be expressed as
L0 = ΨκLκνΨν , (1)
where [25]3
Lκν = −(i/∂ − µΨ)gκν − γκ(i/∂ + µΨ)γν + iγκ∂ν + iγν∂κ . (2)
From L0, one finds the equation of motion LκνΨν = 0 which implies4
γνΨν = 0 , ∂
νΨν = 0 ,
(
i/∂ − µΨ
)
Ψν = 0 . (3)
For the DM processes to be evaluated in this section, the amplitudes are derived from Feyn-
man diagrams with the DM appearing only in external lines. In such cases, the sum over the
polarizations, ς, of the DM particle is [26, 27]
3/2∑
ς=−3/2
uκp,ςu¯
ν
p,ς = (/p+ µΨ)
(
−Gκν(p) + γργω
3
Gρκ(p)Gων(p)
)
, (4)
where p is its four-momentum and Gκν(p) = gκν − pκpν/µ2Ψ. For the sum over the antiparticle’s
polarizations, the formula can be obtained from Eq. (4) with the replacement µΨ → −µΨ.
We assume that the DM candidate is stable due to an unbroken Z2 symmetry under which
Ψν → −Ψν and SM fields are not affected. Furthermore, the lowest-order Higgs-portal interactions
3 It is simple to obtain Lκν =
{
i/∂ − µ
Ψ
, [γκ, γν ]
}
/4 = ǫκρων γ
5
γρ∂ω − [γκ, γν]µΨ/2, with ǫ0123 = +1. These
alternative formulas for Lκν are also employed in the literature [26].
4 More generally [25], Lκν = −(i/∂−µ
Ψ
)
gκν−iA γκ∂ν−iA∗γν∂κ−γκ(iB /∂+C µ
Ψ
)
γν , where the constant A (6= −1/2)
can be complex, B = 1/2 + Re A+ 3|A|2/2, and C = 1 + 3Re A+ 3|A|2. Thus the choice A = −1 leads to Eq. (2).
It is straightforward to check that the relations in Eq. (3) are independent of A. Also, because of the condition
γνΨν = 0 = Ψνγ
ν , quantities such as cross sections for exclusively on-shell Ψ and Ψ¯ do not depend on A.
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arise from dimension-five operators containing the Higgs doublet H given by [13]
Lint =
(
ΨνΨ
ν
Λ
+
iΨνγ5Ψ
ν
Λ5
)
H
†
H , (5)
where Λ and Λ5 are real constants which in general depend on the couplings and masses charac-
terizing the underlying heavy physics. After electroweak symmetry breaking, the Lagrangian for
Ψ becomes
L = L0 + Lint ⊃ Ψν
(
µΨ +
v2
2Λ
+
iγ5 v
2
2Λ5
)
Ψν +Ψν
(
1
Λ
+
iγ5
Λ5
)
Ψν
(
hv +
h2
2
)
, (6)
where γνΨν = 0 has been applied, h refers to the physical Higgs boson, and v ≃ 246GeV is
the vacuum expectation value (VEV) of H. This indicates that the two effective operators induce
corrections to the Ψ mass. A related effect is that, because of the Λ5 contribution, Ψ
ν in Eq. (6) is
not yet a mass eigenstate. Therefore, we need to perform the transformation Ψν → e−iγ5θ/2Ψν , so
that we arrive at
L ⊃ mΨΨνΨν +Ψν
(
1
Λ
+
iγ5
Λ5
)
e−iγ5θΨν
(
hv +
h2
2
)
, (7)
where now Ψν is the mass eigenstate with mass
mΨ =
√(
µΨ +
v2
2Λ
)2
+
v4
4Λ25
, (8)
which is connected to θ by
cos θ =
µΨ
mΨ
+
v2
2ΛmΨ
, sin θ =
v2
2Λ5mΨ
. (9)
Consequently, mΨ replaces µΨ in Eqs. (3) and (4). Moreover, the Ψ-h interaction parts in Eq. (7)
can be rewritten as
L ⊃ Ψν
(
λ
S
+ iγ5λP
)
Ψν
(
h+
h2
2v
)
, (10)
with
λ
S
=
v cos θ
Λ
+
v sin θ
Λ5
, λ
P
=
v cos θ
Λ5
− v sin θ
Λ
. (11)
There are a couple of special cases worth mentioning. If the Λ5 term in Eq. (5) is absent,
corresponding to θ = 0, then λS = v/Λ and λP = 0, which is the case already treated in Ref. [16]
under the assumption of CP conservation. If there is no scalar coupling in Eq. (5), due to Λ→∞,
then
mΨ =
√
µ2Ψ +
v4
4Λ25
, λ
S
=
v3
2Λ25mΨ
, λ
P
=
µΨ v
Λ5mΨ
.
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One can see that with 1/Λ5 6= 0, provided that Λ tan θ 6= −Λ5, there is always a nonvanishing
contribution to λS. More generally, since we have taken µΨ, Λ, and Λ5 to be free parameters, mΨ
and λS,P are also free in what follows.
The couplings λS,P are responsible for the DM relic density, which results from Ψ¯Ψ annihilation
into SM particles, mainly via the Higgs-mediated process Ψ¯Ψ→ h∗ → Xsm. If the center-of-mass
energy
√
s of the Ψ¯Ψ pair exceeds twice the Higgs mass, mh, the channel Ψ¯Ψ → hh, due to
contact and h-exchange diagrams, has to be considered as well.5 Thus, the cross section σann of
DM annihilation is given by
σann = σ
(
Ψ¯Ψ→ h∗ → Xsm
)
+ σ
(
Ψ¯Ψ→ hh) ,
σ
(
Ψ¯Ψ→ h∗ → Xsm
)
=
(
η
S
λ2
S
+ η
P
λ2
P
)
s5/2
∑
i
Γ
(
h˜→ Xi,sm
)
72βΨm
4
Ψ
[(
s−m2h
)
2 + Γ2hm
2
h
] , Xi,sm 6= hh ,
σ
(
Ψ¯Ψ→ hh) = βh
(
η
S
λ2
S
+ η
P
λ2
P
)
s2
2304βΨpim
4
Ψv
2
(R2hh + I2hh) , (12)
where
β
x
=
√
1− 4m
2
x
s
, η
S
=
5β2Ψ − 6β4Ψ + 9β6Ψ
8
, η
P
=
9− 6β2Ψ + 5β4Ψ
8
,
Rhh = 1 +
3m2h
(
s−m2h
)
(
s−m2h
)
2 + Γ2hm
2
h
, Ihh =
3Γhm
3
h(
s−m2h
)
2 + Γ2hm
2
h
. (13)
Once λS,P have been extracted from the observed relic density, as outlined in Ref. [16], their values
can be tested with various constraints.
If mΨ < mh/2, the invisible channel h→ Ψ¯Ψ is open. We calculate its rate to be
Γ
(
h→ Ψ¯Ψ) = mh
8pi
λ2
S
(
1− 4R2Ψ
)(
1− 6R2Ψ + 18R4Ψ
)
+ λ2
P
(
1− 2R2Ψ + 10R4Ψ
)
9R4Ψ
√
1− 4R2Ψ , (14)
where Rf = mf/mh, in agreement with Ref. [14]. The LHC Higgs experiments can probe λS,P
for mΨ < mh/2 via this decay mode. According to the joint analysis by the ATLAS and CMS
Collaborations of their measurements [23], the branching fraction of Higgs decay into channels
beyond the SM is Bexpbsm = 0.00+0.16, which can be interpreted as capping the branching fraction
of h→ Ψ¯Ψ. As a consequence, we may impose
B(h→ Ψ¯Ψ) = Γ
(
h→ Ψ¯Ψ)
Γh
< 0.16 , (15)
where Γh = Γ
sm
h + Γ
(
h → Ψ¯Ψ) is the Higgs’ total width, which also enters the formulas in the
last paragraph. In numerical work, we set mh = 125.1GeV, based on the current data [28], and
correspondingly the SM width Γsmh = 4.08MeV [29].
5 We have dropped contributions to Ψ¯Ψ → hh from t- and u-channel Ψ-mediated diagrams because they are of
a higher order in λS,P and of the same order as the potential contributions of next-to-leading effective operators
not included in Eq. (5).
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Another important test is available from direct detection experiments, which look for recoil
signals of nuclei due to the DM scattering off a nucleon, N , nonrelativistically at momentum
transfers that are small relative to the nucleon mass, mN . The relevant process is ΨN → ΨN ,
which is mediated by the Higgs in the t channel. Its cross section in the nonrelativistic limit is
σNel =
g2NNhm
2
Ψm
2
N
pi
(
mΨ +mN
)
2m4h
[
λ2
S
+
5λ2
P
m2N v
2
Ψ,lab
18
(
mΨ +mN
)
2
]
, (16)
where gNNh parametrizes the effective Higgs-nucleon coupling defined by LNNh = −gNNhhNN
and vΨ,lab denotes the speed of the initial Ψ in the laboratory frame. Numerically, we adopt
gNNh = 0.0011 following Ref. [4] and vΨ,lab = 300 km/s = 10
−3 [1] relative to the speed of light.
The strongest restraints on σNel to date for mΨ&5GeV are supplied by LUX [17], PandaX-II [18],
and XENON1T [19].
In Eq. (16), the v2Ψ,lab factor clearly causes huge suppression in the relative size of the λP and λS
contributions to σNel . On the other hand, from Eq. (12) we see that in the annihilation rate σannvrel,
where vrel is the relative speed of Ψ¯ and Ψ in their center-of-mass frame, the λS term is suppressed
by v2rel whereas the λP term is not, as βΨ ∼ vrel/2 in the nonrelativistic limit. This suggests that
there may be admixtures of λS and λP contributions to σann and σ
N
el such that the various pertinent
requirements can be fulfilled. Our evaluations below demonstrate that this is indeed the case.
Since we have λS,P as the free parameters besides mΨ, it is convenient to express
λ
S
= λΨh cos ξ , λP = λΨh sin ξ ,
λΨh =
√
λ2
S
+ λ2
P
=
√
v2
Λ2
+
v2
Λ25
. (17)
Thus, for different values of λP/λS = tan ξ we may explore (mΨ, λΨh) regions complying with
the aforesaid constraints. However, as Λ−1 and Λ−15 belong to the effective operators in Eq. (10),
we need to take into account the limited extent of validity of the effective field theory (EFT)
approximation. To make a rough estimate for the EFT restraint on λΨh, we entertain the possibility
that each of the operators arises from a tree-level diagram mediated by a heavy scalar X having
mass mX and couplings to Ψ and h described by LX ⊃ −gΨΨνΨνX − ghh2X in the ultraviolet
(UV) completion of the theory. Moreover, inspired by the fermionic and scalar couplings of the
SM, we suppose that gΨ ∼ µΨ/vX and gh ∼ λhXvX , where vX is the VEV of X and λhX is
a constant, ignoring potential modifications due to h-X mixing. The EFT will then remain reliable
and perturbative if 1/|Λ| ∼ 2|λhX |µΨ/m2X < |λhX |/(2µΨ) < 2pi/µΨ, as the s-channel Ψ¯Ψ energy√
s satisfies m2X > s > 4µ
2
Ψ and |λhX | < 4pi for perturbativity.6 Similarly, 1/|Λ5| < 2pi/µΨ,
although the heavy scalar may be different from X . However, since the preceding bound on λhX
is its most relaxed, it is likely that the EFT breaks down at significantly bigger |Λ| and |Λ5|,
suggesting that it is reasonable to demand instead |λhX| < O(1). Incorporating these into Eq. (17)
and additionally assuming µΨ ∼ mΨ, we can finally take λΨh < v/mΨ. In the mΨ < mh/2 range,
this restriction turns out to be much weaker than that from Eq. (15) for the Higgs invisible decay,
as will be seen shortly.
6 The same bound, Λ > m
dm
/(2π), in the case of spin-1/2 DM was obtained in [5, 7] employing similar arguments.
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Employing Eqs. (12) and (16), we can determine the λΨh values consistent with the observed relic
density [30] and predict the corresponding Ψ-nucleon cross-section, σNel . For a few representative
choices of tan ξ = λP/λS (namely 0, 1, and 500), we display the results which are depicted by the
green curves (labeled 3/2) in Fig. 1. In the left plots, we also draw the upper limits on λΨh inferred
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FIG. 1: Panels (a), (c), and (e): Values of the Higgs couplings λΨh and λψh of the spin-3/2 DM (green
curves) and spin-1/2 DM (blue curves), respectively, versus the DM mass which satisfy the relic density
requirement for tan ξ = 0, 1, 500, compared to the upper bounds inferred from LHC data on Higgs invisible
decay (black dotted curves) and from the limitation of the EFT approach (magenta dashed curves), as
described in the text. Panels (b), (d), and (f): The corresponding DM-nucleon cross-sections σNel (green and
blue curves), compared to the measured upper-limits from LUX [17], PandaX-II [18], and XENON1T [19],
as well as the sensitivity projections [21] of DarkSide G2 [31] and LZ [32] and the WIMP discovery lower-
limit due to coherent neutrino scattering backgrounds [33]. The dotted portions of the green and blue
curves on the right are excluded by the LHC and EFT restrictions in the left plots.
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from Eq. (15) based on the LHC Higgs data [23] (black dotted curves labeled 3/2 as well) and
from λΨh < v/mΨ for the limited validity of the EFT description (magenta dashed curves). The
λΨh values in the mΨ ranges that meet the LHC and EFT requirements in the left plots translate
into the solid portions of the green curves for σNel in the right plots. In each of the right plots,
the theoretical σNel can be compared to the measured upper-limits at 90% confidence level (CL)
from LUX [17] (red dashed curve), PandaX-II [18] (orange long-dashed curve), and XENON1T [19]
(black medium-dashed curve), as well as the sensitivity projections [21] of the future experiments
DarkSide G2 [31] (purple dash-dot-dotted curve) and LZ [32] (maroon dash-dotted curve) and the
WIMP discovery lower-limit due to coherent neutrino scattering backgrounds [33] (brown dashed
curve).
It is evident from Figs. 1(a), 1(c), and 1(e) that as λP/λS = tan ξ exceeds unity the effect of λS
on the annihilation rate quickly becomes negligible, in agreement with expectation based on the
vrel suppression of the λS terms relative to the λP terms in the annihilation cross-section in Eq. (12).
Accordingly, when λP/λS grows large, the λΨh values (green curves) become independent of this
ratio. More interestingly, the instances in Fig. 1 for the spin-3/2 DM illustrate that with λP 6= 0 it
is possible to recover at least some of the parameter space excluded by the direct-search limits in the
λP = 0 case [Fig. 1(b)] and perhaps even to escape future ones. Especially for mΨ > 50GeV, our
numerical computations reveal that at present the strictest bound from XENON1T is completely
evaded if λP > 25 λS. Moreover, in this mΨ region, most of the predictions for σ
N
el are below the
neutrino-background floor if λP > 500 λS, which is exhibited in Fig. 1(f). However, our calculations
further show that for λP > 25 λS the LHC and EFT restrictions can be fulfilled only within the
range 58 GeV.mΨ . 2.3 TeV, as Fig. 1 also indicates.
To provide some more insight into the dependence of σNel on tan ξ, we give examples in Fig. 2
for (a) mΨ = 71 GeV, approximately corresponding to the peaks of the green solid curves for
σNel in Fig. 1, and (b) mΨ = 300 GeV, which lies in the flat sections of the green curves. From
Figs. 1 and 2, we conclude that for mΨ > 300GeV and tan ξ > 100 the predicted σ
N
el is under the
neutrino-background floor.
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FIG. 2: The Ψ-nucleon cross-sections, σNel , (green curves) versus tan ξ = λP/λS for (a) mΨ = 71 GeV and
(b) mΨ = 300 GeV, compared to the measured upper-limit from XENON1T [19] as well as the sensitivity
projection [21] of LZ [32] and the neutrino background floor [33].
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III. COMPARISON WITH HIGGS-PORTAL SPIN-1/2 DM
It is instructive to look at the differences and similarities between the previous scenario and one
in which the SM is slightly expanded with the inclusion of a spin-1/2 Dirac fermion ψ which is
a singlet under the SM gauge group and serves as the WIMP DM candidate. It is stable due to
the Z2 symmetry under which only ψ is odd. The DM Lagrangian with leading-order Higgs-portal
couplings is then [6–9, 13, 14, 34]7
Lψ = ψ
(
i/∂ − µψ
)
ψ −
(
ψψ
Λ¯
+
iψγ5ψ
Λ¯5
)
H
†
H , (18)
where µψ, Λ¯, and Λ¯5 are real constants. The case in which the Λ¯5 term is absent has already
been treated very recently in Ref. [16] under the assumption of CP invariance. After electroweak
symmetry breaking and the transformation of ψ to the mass eigenstate, we have
Lψ ⊃ −mψψψ − ψ
(
κ
S
+ iγ5κP
)
ψ
(
h+
h2
2v
)
, (19)
where
mψ =
√(
µψ +
v2
2Λ¯
)2
+
v4
4Λ¯25
, κ
S
=
v cos θ¯
Λ¯
+
v sin θ¯
Λ¯5
, κ
P
=
v cos θ¯
Λ¯5
− v sin θ¯
Λ¯
,
cos θ¯ =
µψ
mψ
+
v2
2Λ¯mψ
, sin θ¯ =
v2
2Λ¯5mψ
. (20)
We can then derive the cross section σann of the DM annihilation given by
σann = σ
(
ψ¯ψ → h∗ → Xsm
)
+ σ
(
ψ¯ψ → hh) ,
σ
(
ψ¯ψ → h∗ → Xsm
)
=
(
βψ κ
2
S
+ β−1ψ κ
2
P
)√
s
∑
i
Γ
(
h˜→ Xi,sm
)
2
[(
s−m2h
)
2 + Γ2hm
2
h
] ,
σ
(
ψ¯ψ → hh) = βh
(
βψκ
2
S
+ β−1ψ κ
2
P
)
64pi v2
(R2hh + I2hh) , (21)
the rate of the invisible decay h→ ψ¯ψ
Γ
(
h→ ψ¯ψ) = mh
8pi
[
κ2
S
(
1− 4R2ψ
)3/2
+ κ2
P
(
1− 4R2ψ
)1/2]
, (22)
and the cross section of ψ-nucleon elastic scattering
σNel =
g2NNhm
2
ψm
2
N
pi
(
mψ +mN
)
2m4h
[
κ2
S
+
κ2
P
m2N v
2
ψ,lab
2
(
mψ +mN
)
2
]
, (23)
7 A number of possibilities for the UV completion of this model have been proposed in [34–36]. In a more complete
theory, there may additionally be a spinless mediator which has renormalizable pseudoscalar couplings not only
to the DM, but also to SM quarks [36, 37], the latter of which induce spin-dependent DM-nucleon interactions.
The DM in this case is again elusive with regards to direct detection [36, 37], unless the mediator is sufficiently
light [37] and/or also has a relatively sizable scalar coupling to the DM.
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where now Γh = Γ
sm
h + Γ
(
h → ψ¯ψ) and vψ,lab = 10−3. Like in the last section, one notices here
that in the nonrelativistic limit the λS (λP) part of the annihilation rate (ψ-nucleon cross-section)
is substantially suppressed compared to its λP (λS) part. This feature of the Higgs-portal spin-1/2
DM is well known in the literature [6–9, 34].
In Fig. 1 we have also provided examples for this spin-1/2 DM with κP/κS = tan ξ = 0, 1, 500.
The blue curves (labeled 1/2) in the left panels represent the values of λψh =
(
κ2
S
+κ2
P
)
1/2 consistent
with the observed relic abundance and in the right panels the corresponding predictions for the
ψ-nucleon cross-section, σNel . Analogously to their spin-3/2 counterparts, the LHC constraint on the
Higgs invisible decay implies that Γ
(
h→ ψ¯ψ) < 0.16 Γh, and the EFT limitation can be expressed
as λψh < v/mψ. These are depicted in the left panels by the black dotted curves (labeled 1/2 as
well) and the magenta dashed curves, respectively. The λψh values in the mψ ranges that fulfill
these two requirements translate into the solid parts of the blue curves for σNel in the right panels.
From our numerical explorations, we learn that for mψ > 50GeV and κP > 20 κS the predicted
σNel is below all the current bounds from direct searches and may even evade future ones, but the
LHC and EFT constraints reduce the allowed mass zone to 54 GeV.mψ . 3.2 TeV, as may also
be inferred from Fig. 1.
From the green and blue (solid) curves in Fig. 1, we can make some comparison between these two
models. It is obvious that they resemble each other phenomenologically, but the viable parameter
space of the spin-3/2 DM is somewhat smaller. It follows that new experimental limits on one of
the models will likely apply to the other in a similar manner.
Because of their similarities, to differentiate the two scenarios would require a high degree of
experimental precision. Particularly, if confirmed positive signals in direct searches identify the
mass of the DM to be slightly below mh/2 and its implied coupling to the Higgs is determined to
be, for instance, between the black dashed curves in Fig. 1(c), improved measurements on the Higgs
invisible decay can check the Higgs-portal hypothesis that the DM has spin 1/2. This would likely
be achievable at the High Luminosity LHC, which is expected to probe the branching fraction of
the invisible Higgs decay down to about 6% at 95% CL [38]. For a significantly smaller DM-Higgs
coupling, one would need the International Linear Collider which could be sensitive to an invisible
Higgs branching-fraction as low as 0.4% at 95% CL [39]. If the DM mass is bigger than mh/2 and
away from the Higgs-pole region, it would likely be more difficult for a collider probe to differentiate
the two scenarios because the cross section would be more suppressed by the Higgs propagator.
We note that a polarization measurement would not help much to discriminate them because in
each of them the DM interacts in pair with a Higgs via s-wave couplings at leading order. In
more complete theories, where the DM interactions could be more complicated and might involve
additional particles, we would expect that polarization studies and other methods could be useful
to distinguish the two DM candidates.
Since there is ample parameter space in these models that can escape upcoming direct searches,
even after the LHC and EFT constraints are imposed, it is of interest to consider potential bounds
from indirect detection experiments. They may offer further checks, for the presence of the DM-
Higgs pseudoscalar couplings, whose effects on the annihilation rates do not suffer from vrel sup-
pression, renders the DM potentially more observable in indirect quests. At present we find
a complementary restriction only from the results of searches for DM annihilation signals from
the Milky Way dwarf spheroidal galaxies with 6 years of Fermi Large Area Telescope (Fermi-LAT)
data [40]. The strongest limit occurs in the b¯b channel, but only for masses between 60 and 70 GeV
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and preferably tan ξ&1, as displayed in Fig. 3 for the two models. We expect that improved data
in the future from Fermi-LAT [41] and other efforts, such as the Cherenkov Telescope Array [42],
will help probe these models more stringently.
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FIG. 3: The thermally averaged annihilation rates of Ψ¯Ψ → b¯b and ψ¯ψ → b¯b compared to the corre-
sponding Fermi-LAT bound [40].
IV. CONCLUSIONS
We have explored a simple WIMP DM scenario in which the DM candidate has spin 3/2 and
Higgs-portal interactions induced by effective dimension-five scalar and pseudoscalar operators
involving the standard Higgs doublet. This kind of DM has not received as much attention as its
spin-1/2 or bosonic counterparts recently, but is a viable and interesting alternative, especially in
light of the ongoing Higgs measurements at the LHC and the continuing quests for DM with greatly
improving sensitivity. As our examples demonstrate, the inclusion of the pseudoscalar operator in
addition to the scalar one is crucial for the model to avoid the existing strong restrictions from
direct detection experiments and possibly to evade future ones as well. We also implemented the
restraints from Higgs data and EFT considerations, which decrease the allowed DM-mass region to
between 58GeV and 2.3TeV. We obtained an extra constraint from indirect searches by Fermi-LAT
which disfavors masses between 60 and 70 GeV if the pseudoscalar coupling is not small relative
to the scalar one. Finally, with explicit illustrations we showed that this model is similar in its
important aspects to its spin-1/2 counterpart, but has viable parameter space that is slightly more
reduced. Therefore, the combination of future data from LHC measurements and DM (in)direct
searches can be expected to test these two models more comprehensively.
As a last note, we mention that after this paper was submitted for publication the PandaX-II
Collaboration announced their newest upper-limit on the spin-independent WIMP-nucleon cross-
section [43]. For a WIMP mass exceeding 100 GeV this limit is the most stringent to date, but in
the Higgs-pole region (near mh/2) it is almost identical to that from XENON1T [19]. Hence the
new PandaX-II results [43] have not yet changed the viability of the most minimal Higgs-portal
fermionic (spin 3/2 or 1/2) WIMP DM, which we treated above.
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